Summary Setting: Although animal models of aerosol inoculation of Mycobacterium tuberculosis and M. bovis have been reported using laboratory animals, a model of aerosol delivery of M. bovis to cattle has not been reported previously.
INTRODUCTION
Mycobacterium bovis is the causative agent of tuberculosis in cattle and other animals, and an important cause of human tuberculosis. Various animal models have been developed to study human and animal tuberculosis. [1] [2] [3] [4] [5] Routes of experimental infection include intravenous, intranasal, intratracheal, intratonsillar, oral, and aerosol. The primary means of transmission of Mycobacterium tuberculosis in humans is by aerosol and thus results in pulmonary lesions; however, M. bovis infection in humans often results in non-pulmonary lesions, although pulmonary lesions associated with M. bovis are also seen. 6 It is generally accepted that, with some exceptions, cattle become infected with M. bovis by either the oral or respiratory routes. 7 The oral route is most important in calves nursing tuberculous cows, while the respiratory route is most common in cattle in general and facilitated by the natural behavior of cattle. 7 To simulate natural disease, experimental infection of cattle has been done by intranasal, 8, 9 intratracheal, 10 and intratonsillar 11 routes. Although aerosol delivery has been used in small animal models of tuberculosis, due to obvious limitations and obstacles, experimental aerosol delivery of M. bovis to large animals such as cattle has not been reported. The objectives of this study were to develop and characterize a model of aerosol delivery of M. bovis to cattle, and to compare the distribution of lesions in cattle infected with either of two strains of M. bovis, one isolated from cattle, and the other isolated from white-tailed deer (Odocoileus virginianus).
MATERIALS AND METHODS

Animals
Twenty, healthy, Maine Anjou cattle (female and castrated male) aged 4 months, were randomly assigned to four groups. Two groups were experimentally infected with M. bovis strains 1315 and HC2005T used in this study have distinct restriction fragment length polymorphism (RFLP) patterns when the polymorphic GC-rich repetitive sequences (PGRS) region is analyzed. Isolates of M. bovis obtained from samples of the mediastinal or tracheobronchial lymph nodes of each tuberculous animal at the time of necropsy were analyzed by RFLP, as described previously, 13 to ensure that the isolate obtained from the animal at necropsy matched that of the isolate used for inoculation.
Experimental infection
For aerosol delivery, cattle were restrained in a head chute and the challenge inoculum delivered by nebulization into a mask covering the nostrils and mouth (Fig. 1) . The nebulization apparatus consisted of a compressed air tank and commercially available aerosol delivery system (Equine Aeromask, Trudell Medical, London, Ontario, Canada) comprised of a jet nebulizer (Whisper Jet, Marquest Medical Products, Englewood, CO), holding chamber and mask. According to the manufacturer, in studies using 0.9% saline, the Whisper jet nebulizer produces a particle size with a mass median aerodynamic diameter of 1.91 mm with an output of 0.24 ml/min at a flow rate of 8 liters per minute (lpm) and 50 pounds per square inch (psi). A separate study comparing the nebulization of albuterol by various brands of nebulizers, found that at a flow rate of 2 lpm the Whisper jet nebulizer produced a particle with approximately 5 mm diameter. 14 Compressed air (25 psi) was used to jet nebulize inoculum (2 ml M. bovis in PBS) directly into the holding chamber. Upon inspiration, the nebulized inoculum was inhaled through a one-way valve into the mask and directly into the nostrils. A rubber gasket sealed the mask securely to the muzzle preventing leakage of inoculum around the mask. Expired air exited through one-way valves on the sides of the mask. The nebulization process continued until all of the inoculum, a 1 ml PBS wash of the inoculum tube, and an additional 2 ml PBS were delivered (approximately 12 min 
Sample collection
One hundred fifty-five days after infection, all cattle were humanely euthanized by intravenous injection of sodium pentobarbital. A thorough postmortem examination was done on each animal and the following tissues collected for bacteriologic isolation of M. bovis and microscopic analysis; palatine tonsil; mandibular, parotid, medial retropharyngeal, tracheobronchial, mediastinal, prefemoral, mesenteric, and hepatic lymph nodes, lung, liver, spleen and nasal turbinate. Tissues were processed for isolation of M. bovis as previously described. 4 Isolates of M. bovis were identified by colony morphology, growth, and biochemical characteristics as well as a DNA probe specific for mycobacteria in the M. tuberculosis complex (AccuProbe; Gen-Probe Inc., San Diego, CA, USA). Tissues collected for microscopic examination were fixed by immersion in 10% neutral buffered formalin, processed by routine methods to paraffin wax and sectioned (5 mm).
Sections were stained with hematoxylin and eosin (H/E) for microscopic examination. Adjacent sections were cut from samples containing lesions suggestive of tuberculosis and stained by the Ziehl-Neelsen technique for visualization of acid-fast bacteria.
Tuberculin skin testing
Prior to infection, and 63 and 121 days after infection, all cattle were tested for exposure to M. bovis by the comparative cervical test (CCT) for cattle as described in USDA, APHIS, VS guidelines. 15 Briefly, hair was clipped from two sites on the right side of the mid cervical region and the thickness of the skin at each site was measured. One-tenth milliliter (0.4 mg/ml) of M. avium purified protein derivative (PPD) (National Veterinary Services Laboratory, Ames, IA) was injected intradermally in the uppermost site and 0.1 ml (1 mg/ml) of M. bovis PPD (National Veterinary Services Laboratory) was injected into the lower site. Seventy-two hours after injection, test sites were observed, palpated, and induration measured to the nearest 0.5 mm using calipers. Results were interpreted by plotting measurements of changes in skin thickness at both the M. bovis PPD and M. avium PPD injection sites on a scattergram developed by USDA for interpretation of the CCT for cattle. 15 The scattergram plots the change in skin thickness at the M. bovis PPD injection site against the change in skin thickness measured at the M. avium PPD injection site. Although the details of the scattergram are beyond the scope of this paper, in general, animals with large changes in skin thickness at the M. bovis PPD injection site with little or no change in skin thickness at the M. avium PPD injection site are classified as reactors. Cattle with large changes in skin thickness at the M. avium PPD injection site with little or no change at the M. bovis PPD injection site as well as cattle with no change at either injection site are classified as negative. Intermediate responses with similar changes in skin thickness at both the M. bovis PPD and M. avium PPD injection sites are classified as suspects.
Results of the CCT were used to classify calves in the present study as negative, suspect, or reactor.
RESULTS
All cattle were classified as negative for exposure to M. bovis prior to experimental infection. At both 63 and 121 days after infection, tuberculin skin testing using the comparative cervical skin test classified 19 of 20 calves as reactors and one of 20 as negative for exposure to M. bovis. In all groups, regardless of dosage or strain of inoculum, the most commonly affected tissues were the tracheobronchial and mediastinal lymph nodes, and lung (Table 1) . With both strains there was dissemination of disease to a larger number of tissues in cattle exposed to higher dosages. Although there appeared to be more sites involved in cattle exposed to the high dose of strain HC2005T, the small number of animals in each group, precludes an accurate assessment of this difference. Lung lesions were most numerous in caudal lung lobes from all groups ( Table 2) . Generalized involvement of all lung lobes was more pronounced in those groups receiving the higher dosage of inoculum. This was especially evident in cattle exposed to the high dose of strain HC2005T. Macroscopic alterations of lymph nodes ranged from variable lymphadenomegaly with no discernible granuloma formation to marked lymphadenomegaly with multiple nodular pale granulomas ranging in size from 0.2 to 2.5 cm. On cut surface, granulomas were gritty and contained central caseonecrotic material (Fig. 2) . Grossly visible lung lesions ranged from 0.5 to 5 cm in size, were single or multiple, and involved only one lobe in mild cases or were generalized throughout the lung in severe cases (Fig 3) . On cut surface, granulomas within the lung were similar to those seen in lymph nodes. In two of five calves in each of the high-dose groups, multifocal to coalescent, 1-5 cm, irregular, fleshy, pink, nodular masses were present on parietal and costal pleural surfaces (Fig.  4) . Two of five calves inoculated with the high dose of M. bovis strain HC2005T had gross lesions within the nasal cavity. Such lesions were present on the mid-lateral wall of the nasal cavity and lateral surface of the dorsal and ventral nasal conchae. Lesions consisted of focally extensive, irregular, pink, fleshy, nodular lesions ranging in size from 0.5 to 4 cm (Fig. 5) . Similar nasal cavity lesions were not seen in calves infected with M. bovis strain 1315.
Microscopic lesions in most tissues consisted of focal, multifocal or coalescent caseonecrotic granulomas composed of central areas of necrosis with some neutrophils, surrounded by epithelioid macrophages, Langhan's type multinucleated giant cells and lymphocytes (Fig. 6) . In some cases, the central core of necrotic debris was mineralized. Acid-fast bacteria were seen in low numbers within multinucleated giant cells or extracellularly among cellular debris within the caseonecrotic core. Granulomas often were surrounded by low to moderate numbers of fibroblasts and collagen. Within the lung, many granulomas were found adjacent to or surrounding bronchi or bronchioles (Fig. 7) that contained variable amounts of intraluminal granulomatous to pyogranulomatous infiltrate (Fig. 8) . Lesions within the nasal cavity were characterized by marked expansion of the submucosa by coalescent caseonecrotic granulomas. Ulcerations were often seen in overlying epithelial mucosa.
The distribution of tissues from which M. bovis was isolated correlated well with lesion distribution (Table 1) . However, in the group receiving the low dose of M. bovis HC2005T, gross and microscopic lesions were present in the lungs of four of five calves, yet M. bovis was not isolated from the lung of any of the calves in this group.
RFLP analysis demonstrated that in each case isolates obtained from mediastinal or tracheobronchial lymph nodes had RFLP patterns identical to that of the inoculum used for that particular animal.
DISCUSSION
Use of the apparatus described in the present study provides a reliable method of aerosol delivery of M. bovis to cattle. All but one of the calves in this study developed tuberculous lesions after aerosol exposure to M. bovis. M. bovis was not isolated from this calf; moreover, no tuberculin skin test reaction, suggestive of exposure to M. bovis was seen in this calf, suggesting that the delivery method did not adequately deliver the inoculum in this single case. In all other calves, the distribution of lesions suggests that the aerosol generated by the nebulizer was composed of droplets of diameter less than 5 mm, which reached the pulmonary alveoli. This was especially evident in cattle receiving the lower dosage of either strain of M. bovis. The droplet nuclei mechanism of infection with M. tuberculosis has shown that tiny residues, o5 mm, of evaporated droplets (droplet nuclei) can be generated by talking, coughing or even singing. Such nuclei remain airborne for prolonged periods while larger droplets settle out within short distances of their source. Once inhaled, infectious droplet nuclei reach the pulmonary alveoli while droplets 45 mm are removed in the upper respiratory passages. [16] [17] [18] The Equine Aeromask system is designed for aerosol delivery of pharmaceutical agents to large animals and is easily adapted for the delivery of microbes. Adaptation of aerosol delivery systems currently used for small laboratory animals for use in cattle would likely prove more difficult. More severe disease, characterized by wider dissemination of disease, with higher inoculum dosages, as seen in 
Data represent the total out of five calves in each group that had gross (G) or microscopic (M) lesions or from which M. bovis was isolated (B). LN = lymph node 0 = no gross or microscopic lesions, no isolation of M. bovis * Not processed for bacteriologic isolation of M. bovis Table 2 Distribution of tuberculous lesions in lung lobes from cattle infected by aerosol with a low (1 Â10 3 CFU) or high dose (1 Â10 5 CFU) of M. bovis strain 1315 or HC2005T.
Lung lobe
Strain of M. bovis Data represent the total out of 5 calves in each group that had gross and microscopic lesions consistent with tuberculosis or from which M. bovis was isolated.
the present study has also been seen in other animal models of tuberculosis. 19, 20 Unlike animal models of human tuberculosis using mice, rabbits or guinea pigs, the model described herein, uses the animal of interest as the experimental animal, i.e. cattle are used to investigate tuberculosis in cattle. Extrapolation between species that may differ in immune response, lesion development, or susceptibility to infection is therefore, not necessary. Aerosol delivery of other respiratory pathogens to cattle has been previously reported. 21 However, the apparatus used consisted of an aerosol chamber into which the calves were placed and nebulized inoculum then filled the chamber, thus exposing the entire animal to inoculum. 21, 22 Such an apparatus limits the size of the animal used, making experimental infection of large cattle difficult. The apparatus used in the present study can be used on cattle ranging from calves to adults and focuses the aerosolized inoculum over the muzzle. Calves rather than cows were used in the present study because of space limitations and animal welfare and housing guidelines. Numerous abattoir surveys of cattle have described the distribution of lesions in cattle naturally infected with M. bovis. Involvement of the lungs and associated lymph nodes ranges from 19% to 80%, while cranial lymph node involvement ranges from 2% to 55%. [23] [24] [25] [26] [27] [28] Data from a large study of 2886 tuberculous cattle revealed that 57% of animals had lesions confined to the lung and associated lymph nodes, 23% had lesions confined to the cranial lymph nodes and 4.7% had lesions in both (1) is used to aerosolize inoculum using a jet nebulizer (2) . Aerosolized inoculum passes into holding chamber (3) untilinhaled through one-way valve (4) into mask that is tightly sealed around muzzle using a rubber gasket (5).
cranial and thoracic sites. 7 The distribution of lesions may vary depending on age as the distribution of lesions among young heifers is 20% cranial lymph nodes, 22% lungs and associated lymph nodes, and 8% both cranial and thoracic sites while distribution among mature cows is 9% cranial lymph nodes, 37% lungs and associated lymph nodes and 9% both cranial and thoracic sites. 28 Breed differences may also be apparent as one Australian study revealed cranial lymph node involvement in 7% of the cases in beef cattle, while 55% of dairy cattle had cranial lymph node lesions. 29 In the present study, involvement of the cranial lymph nodes was limited to cattle receiving higher dosages of inoculum. Therefore, the distribution of lesions seen in the present study is similar to that seen in natural M. bovis infection and demonstrates that the wide range of lesion distribution seen in naturally infected cattle may be due to dosage of exposure as well as age and breed of the animal. The involvement of the cranial lymph nodes may result from either oral or aerosol exposure to M. bovis. Specifically, the medial retropharyngeal lymph nodes receive lymphatic drainage from the posterior pharynx including the tonsils. 30 Microbes and other antigens deposited on the mucosal surface of the posterior pharynx, regardless of route of delivery, are likely to be processed by the tonsil and medial retropharyngeal lymph node. Based on abattoir studies and the low incidence of alimentary tract lesions in tuberculous cattle, it has been estimated that approximately 90% of pharyngeal lymph node lesions result from aerosol rather than oral exposure to M. bovis. 28, 29 A predilection for lesion development in the caudal lung lobes, similar to that seen in the present study, has previously been reported in cattle 23, 31 and white-tailed deer. 32 Moreover, approximately half of those lesions reported are in the distal third of the caudal lobes. 33 The reason for such a predilection in unclear. Gross lesions of the upper respiratory tract (nasal mucosa, turbinates, septum and nasopharynx) similar to those reported in the present study, have been seen in cattle as early as 17 days after intranasal inoculation. 9 Such early lesions are likely the result of inoculation route. In the present study, it is unclear if nasal mucosal lesions were the direct result of inoculation route or rather exhaled respiratory droplets containing M. bovis generated from lung lesions. The method of aerosol delivery described above represents a reliable method of experimental infection of cattle with M. bovis. This method results in a distribution of lesions similar to that described in naturally infected cattle and could serve as a useful challenge model to evaluate disease pathogenesis, immune response, mycobacterial shedding or vaccine efficacy. Likewise, it would be useful for other respiratory pathogens of cattle where aerosol exposure is critical.
